(Received 12 September 2014; accepted 7 November 2014; published online 17 November 2014) We present optical studies of individual and few GaSb quantum rings embedded in a GaAs matrix. Contrary to expectation for type-II confinement, we measure rich spectra containing sharp lines. These lines originate from excitonic recombination and are observed to have resolution-limited full-width at half maximum of 200 µeV. The detail provided by these measurements allows the characteristic type-II blueshift, observed with increasing excitation power, to be studied at the level of individual nanostructures. These findings are in agreement with hole-charging being the origin of the observed blueshift. C 2014 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4902177] Semiconductor nanostructures are appealing for applications in both classical 1 and quantum optoelectronics. 2 Devices containing them promise a wide array of benefits over traditional structures, ranging from increased efficiency with reduced running costs 3 to providing access to useful new phenomena. 4 Nanostructures of GaSb embedded in GaAs are being actively studied as this material system offers access to an unusual combination of physical attributes with some desirable properties. The system can have a type-II band alignment 5 with heavy-holes strongly quantum confined well above room temperature, 6 whilst electrons are confined in the surrounding material via the Coulomb interaction. This asymmetric confinement for the two carrier types could offer advantages in applications such as solar cells, 7 in which reduced exciton binding is beneficial. For light generation purposes, however, the reduction in electron-hole overlap could be detrimental to operating performance. Fabrication of GaSb/GaAs nanostructures by molecular beam epitaxy (MBE) has been shown to result in the formation of nano-rings, [8] [9] [10] rather than dots, under specific growth conditions. GaSb quantum rings [ Fig. 1(a) ] have recently been studied in bulk optical measurements, [9] [10] [11] [12] and found to have some surprising optical properties. Cross-sectional scanning tunnelling microscopy (x-STM) has revealed that the ring geometry can confine the electron's wavefunction in its centre, 13 as illustrated in the band diagram in Fig. 1(b) . This spatial confinement of the electron may be responsible for the strong optical properties measured in the system. This recent work has paved the way for optoelectronic devices containing GaSb/GaAs quantum rings that are fibre-compatible, and operate above room temperature. In this letter we investigate optical emission from individual and few strongly-confining quantum rings in this material system.
The sample in this study was grown by MBE. Three different types of self-assembled GaSb nanostructures form via the Stranski-Krastanov mode of growth: quantum rings, impure clusters and pyramidal quantum dots. A procedure to yield a high proportion of quantum rings has been developed, with the growth details required to achieve this having been reported previously. 14 and composition modulation in the GaSb nanostructure will likely result in a hole wavefunction that is tightly confined to a small region within the ring structure, rather than occupying the whole circumference. Cross-sectional scanning tunnelling microscopy has helped to reveal the formation mechanism of these nanostructures, 8, 14 an example cross-sectional image of a quantum ring is shown in Fig. 1(a) . In this image high-antimony-content regions are brighter, compared to those that are arsenic-rich. The two lobes of the ring are clearly visible, and the contrast between the two materials is close to maximal. The density of nanostructures that results from MBE growth can be estimated using cross-sectional measurements and is found to be similar to uncapped samples, in which the density can be directly measured with an atomic force microscope. 15 With the growth parameters used here the quantum ring density in the sample studied is approximately 1 × 10 10 cm -2 . To enable this study, which required a small number of rings to be isolated, a shadow mask was first added to its surface, followed by a super solid immersion lens (s-SIL). 16 The Ti:Au shadow mask was approximately 100 nm thick, containing 1 µm diameter circular openings, thus allowing groups of ≈100 rings to be located and relocated using a 50x near-infrared microscope objective. In order to improve our photoluminescence (PL) collection efficiency, an s-SIL with a diameter of 1 mm and a refractive index of 1.8 was bonded to the sample's surface using an index-matched UV-curing epoxy. This lens reduced the spot-size of a continuous-wave excitation laser with a wavelength of 532 nm to < 0.25 µm 2 . The use of a shadow mask under the s-SIL allowed for active position correction of the laser spot during acquisitions, to correct for drift, either manually or using software to drive an XYZ positioning stage. Using this arrangement the number of rings simultaneously excited was reduced to ≈25. The significant inhomogeneous broadening present in the dot ensemble, a typical feature of self-organised quantum dots, 17 then enabled emission from individual and few quantum dots to be isolated using spectral filtering. Photoluminescence was collected using the same objective lens used for excitation, with the sample mounted in a cryogen-free cryostat and cooled to 20 K. The emission was analysed by a single-stage spectrometer coupled to an InGaAs diode array. Fig. 2 shows a typical high-resolution micro-PL (µPL) spectrum from the quantum rings at low excitation power (12 µW). Sharp features in the spectrum are resolution-limited by vibrations from the cryostat, with a full-width at half maximum (FWHM) of 200 ± 20 µeV, extracted using a Lorentzian fit. The small number of peaks in this spectral range indicates that the spectrum is composed of emission from a few rings. To investigate the optical properties of individual excitonic states confined within the rings, photoluminescence was measured as a function of laser power ranging over three orders of magnitude. The evolution of the emission as a function of laser power for a typical area is shown in Fig. 3 .
The emission from type-II confining nanostructures exhibits a characteristic blueshift with increasing excitation power, an effect attributed to asymmetric charging 18 and band-bending. 19 The type-II blueshift was quantified in the fine structure of the rings' emission using two techniques: (i) applying a Lorentzian fit to individual exciton peaks and extracting the central position, and (ii) following a centre-of-mass (CoM) fitting procedure by integrating each µPL spectrum and calculating the point corresponding to the pixel value in which the half-area falls. The results of these two techniques are illustrated on top of the experimental data shown in Fig. 3 , and are plotted explicitly in Fig. 4(a) . Whilst the positions of individual excitonic lines remain roughly at constant energy with excitation power, the centre-of-mass fit shows a significant and strong blueshift. The latter is witnessed directly in the spectra shown in Fig. 3 . As the excitation power is increased, new exciton emission lines tend to appear at shorter (higher) wavelengths (energies); whereas at high excitation power a broad emission background dominates, which noticeably blueshifts. Similar results were measured for a large number of different locations on this sample. To investigate whether the origin of the blueshift measured in the fine-structure of the exciton spectrum is the same as that of the ensemble, macro photoluminescence was also measured as a function of laser power. A piece of the same wafer, without the shadow mask and SIL, was immersed in liquid helium. Laser light was delivered to the sample via an optical fibre, resulting in an area of ∼2 mm 2 being excited. A second fibre collected the emitted light for analysis. The broad emission spectrum taken from a large ensemble of dots was measured over a large range of excitation powers, and its central position was extracted using a Gaussian peak fitting. The results of these measurements are shown alongside the centre-of-mass fitting from the µPL measurements, in Fig. 4(b) . To determine the energy shift of the PL centre position (E-E 0 ), a value of E 0 , the emission energy at zero excitation power, was linearly extrapolated from a plot of the CoM PL positions against integrated peak intensity for the low intensity peaks. The calculated energy shifts were plotted against the integrated intensity of the signal, which is found to be proportional to the excitation power in the measurement range and can be measured more accurately. Utilising a log-log scale on this graph, the exponent governing the blueshift can be extracted, by means of a linear fitting. For the µPL the exponent was found to be (0.38 ± 0.04) compared to a value of (0.44 ± 0.03) for the macro-PL. Other µPL data fitted were found to have similar values to the one given.
The results in Fig. 4(b) show a clear correlation between the blueshift measured in the bulk PL and that seen in the centre-of-mass of the µPL, i.e. the exponents extracted from the log-log FIG. 3. Micro-photoluminescence from GaSb quantum rings as a function of laser power. Each spectrum was normalised to make the maximum intensity in the spectrum equal. The factors on the left indicate the intensity prior to normalisation, relative to the lowest power spectrum. The blue line tracks the position, extracted using a Lorentzian line fit, of the exciton peak highlighted by the blue arrows, and the red line indicates the position of the centre-of-mass for the entire spectrum.
plot agree within their uncertainties. The two lines do not overlap, but this is expected as the collection efficiencies of the two PL methods used differ, and µPL samples a reduced spectral range. In contrast to this, data for single exciton features show no correlation to the macro PL data. From these measurements we can make a number of conclusions.
The similarity between the blueshifts in the centre-of-mass and macro-PL fittings indicates that the mechanism responsible is constant over a vast range of excitation powers, in contrast to results from Jo et al. 20 The power densities for the bulk measurements range from 0.033 to 15 Wcm -2 whilst the µPL power densities range between 3.6 and 2700 Wcm -2 ; combined this suggests a consistent mechanism over five orders of magnitude.
The negligible power-induced shift in the single exciton features is clear evidence that bandbending does not make a significant contribution to the observed blueshift in these nanostructures. If the increasing power density resulted in a bending of the bands, then the energy levels of all confined excitonic states should shift, and this is not observed. As the excitation power increases, however, new exciton states appear in the emission spectra, presumably a consequence of the formation of states that are increasingly positively charged. The Coulomb interaction deriving from the asymmetric charging results in an increase in the emission energy as the degree of positive charging increases, which in turn is responsible for the observed blueshift. 21 At high excitation powers the µPL spectra are dominated by broad background features, which may be the result of holes recombining with electrons that are not spatially confined, and/or the number of rings contributing to the spectra may simply be increasing.
In conclusion, we have measured photoluminescence from single GaSb/GaAs quantum rings, which contains surprisingly narrow features at low excitation powers. Sharp features have previously been reported in a more weakly bound hole-confining system, 22 and in an electron confining system, 23 but the quantum rings studied here bind holes very strongly and show promise for fibre-compatible optoelectronic applications. By investigation of the power dependence of the fine structure of the emission from quantum rings it can be concluded that the characteristic blueshift cannot be attributed to band-bending at the heterojunction. The shift appears to arise from the asymmetric filling of higher energy states. These nanostructures may be useful for a wide range of applications and understanding the physics underlying their behaviour is crucial. This work was supported by the Royal Society through a University Research Fellowship held by R.J.Y.
